ABSTRACT The transstenotic pressure gradient recorded during coronary angioplasty (PTCA) reflects the dynamic relationship that exists between coronary blood flow and the effective crosssectional area of the arterial lumen. An apparent relationship between the dynamic behavior of the pressure gradient and subsequent acute vessel closure was observed in our catheterization laboratory. We therefore examined the usefulness of the pressure gradient trend in predicting acute complications after 463 attempted PTCA procedures. Two pressure gradient trend patterns were identified: (1) a rising trend pattern identified by an increasing pressure gradient in the interval after deflation of the angioplasty, and (2) 
deflation of the angioplasty balloon reflects the dynamic relationship between coronary arterial blood flow and effective cross-sectional luminal area. The absolute gradient measurement is influenced by other factors, including the cross-sectional area of the balloon catheter, presence of collaterals, and status of the distal vessel. 7 However, in the presence of constant coronary blood flow, an alteration in the effective lumen is manifested by a change in the measured transstenotic pressure gradient.8 During PTCA, the lumen of the artery undergoing dilatation increases and this is usually associated with a rapid decline in the transstenotic pressure gradient.7 If dilatation causes intimal disruption with a subsequent decrease in the effective lumen, the resulting transstenotic pressure gradient will increase over time.
We observed an apparent relationship between a rising pressure gradient trend after balloon deflation and subsequent acute vessel closure occurring either in the laboratory or shortly thereafter. This study was CIRCULATION THERAPY AND PREVENTION-ANGIOPLASTY designed to determine if the pressure gradient trend would be useful in identifying those patients at risk of developing acute complications after PTCA.
Methods
Patient selection. Data were collected in two phases. In the initial phase between June and October 1984, 113 patients undergoing PTCA procedures were randomly selected for prospective study. Because acute complications in this group were too few for analysis, an additional 350 consecutive patients were studied between April and June 1985. Of the total 463 procedures, inadequate pressure gradient data were obtained in 83 (18%). In 21 of these 83 patients, a transstenotic pressure gradient was not recorded because the coronary artery segment could not be crossed with the angioplasty balloon catheter. In the remaining 62, pressure gradient recordings were unavailable because the data were either unclassifiable by the authors (n = 10) or too brief for analysis (n = 5); the remainder went unrecorded (n = 47) because the clinical situation or other technical factors did not permit. Thus, 380 patients undergoing PTCA had pressure gradient trends suitable for analysis.
Study design. The transstenotic pressure gradient information collected during phase I (June to November, 1984) was obtained prospectively by one of the investigators (D.R.) when available to continuously observe a procedure. A comprehensive record of each procedure was made that included balloon inflations, intracoronary contrast injections, intracoronary nitroglycerin administration, and balloon "crossings" and "pullbacks." The transstenotic pressure gradient trend was then analyzed with the use of this intervention log, thus allowing separation of artifact from pressure gradient trend information during data analysis. The data collected during phase II (April to June 1985) were obtained retrospectively from a review of all pressure gradient recordings during this period. Analysis of this transstenotic pressure gradient information was aided by a similar, but less comprehensive, intervention log recorded by a catheterization laboratory technician.
Recording and classification of gradient trends. Classification of the transstenotic pressure gradient data was done by consensus among three experienced angioplasty operators who were blinded to the angiographic and clinical outcome of each case. A computerized physiologic monitoring system (Meddars Series 300, Honeywell, Inc.) was used to record the arterial pressures measure through both the guiding and balloon catheters.
A schematic diagram of the system used to compute the transstenotic pressure gradient is shown in figure 1 . With the guidewire and balloon catheter positioned across the coronary artery stenosis, a pressure port distal to the balloon segment monitors the arterial pressure distal to the stenosis. The proximal arterial pressure is recorded through the guiding catheter tip, which is positioned at the coronary ostium. These phasic pressures are electronically integrated over a I sec sample interval. The mean distal arterial pressure is then subtracted from the mean proximal pressure, which yields the transstenotic pressure gradient. This record is updated each second throughout the PTCA procedure. A computer program that generates the transstenotic pressure gradient is activated after the balloon catheter is advanced across the coronary artery stenosis and the proximal and distal pressure recordings have stabilized. The program records a maximum of 500 sec of information before it is transferred to hard copy and restarted. This plot of the transstenotic pressure gradient versus time is available with the pressure gradient (mm Hg) displayed along the ordinate and time (seconds) along the abscissa. The information is displayed in real-time on a video monitor for the angioplasty operator and also In figure 1 , a simplified example of this transstenotic pressure gradient record is shown. The transstenotic pressure gradient was 40 mm Hg before inflation. During inflation, the pressure gradient increased reflecting the difference between the mean proximal pressure and the distal coronary artery pressure. After balloon catheter deflation, the pressure gradient rapidly fell, completing the "inflation artifact." After the inflation artifact, the pressure gradient may gradually stabilize and decline, as illustrated in this figure, or may slowly increase. We defined the dynamic behavior of the pressure gradient in the time interval after balloon deflation as the transstenotic pressure gradient "trend."
Classification of trends. Classification of transstenotic pressure gradient trends required a minimum of 25 sec of undisturbed recording. Two pressure gradient trend patterns were defined. A stable trend was defined as a horizontal or slowly declining trend after the balloon inflation artifact (figure 2A). We observed no difference in outcome between these two trend patterns and thus combined them as defining a stable pattern for the purpose of the study. A rising trend was defined as one in which the pressure gradient increased after the inflation artifact (figures 2B and 2C). Because multiple balloon inflations were often performed during a procedure, more than one trend pattern was observed. The following hierarchy was adopted to allow each procedure to be given a single overall classification. If any rising trend pattern was observed, the procedure was classified as overall rising. If only stable trend patterns were observed, the procedure was classified as overall stable. Analysis was also performed with the use of the trend classification after the final balloon inflation.
Coronary angiography. Cineangiography was performed by the percutaneous transfemoral technique and recorded on 35 mm film in at least two projections both before and after all PTCA procedures. The films were viewed prospectively, with data elements recorded on standard forms for entry into a cardiac data base.
Intimal tear (intimal disruption limited to the lesion) was defined as the angiographic appearance of an intraluminal filling defect, extravasation of contrast material, or a linear luminal density or staining within the confines of the original lesion undergoing dilatation.9' 'O Arterial dissection was defined as the presence of any of these angiographic findings extending proximally or distally beyond the length of the original lesion. Percent diameter stenosis before and after PTCA was assessed by taking the mean of at least two projections" l with a digital caliper technique. 12 Angiographic success was defined by a 20 or greater percentage point reduction in the luminal percent diameter stenosis. 13 Lesions were also defined as either concentric or eccentric,'4 and either discrete (single lesions <10 mm in length) or multiple.
Clinical outcome. All patients were monitored closely with electrocardiographic telemetry in a specialized nursing unit or in an intensive care unit for at least 48 hr after PTCA. Twelvelead electrocardiograms were performed within 1 hr after the procedure and at least once during each following 24 hr period. Creatine kinase levels, with an assessment of MB isoenzymes, were measured in all patients at 8 and 16 hr after they were returned to the floor. Episodes of chest discomfort were recorded, and depending on the circumstances, patients underwent another ECG examination and consultation by the angioplasty operator.
Acute vessel closure was defined as a syndrome characterized by the acute onset of ischemic chest pain, with or without ECG evidence of myocardial ischemia that was not relieved by med- Patients with rising trends also had fewer lesions Independent pre-PTCA and post-PTCA predictors of an acute complication are listed in table 6 . Lesion length and pre-PTCA percent diameter stenosis were both independent but weak predictors of an intimal tear. A rising gradient trend was the most important predictor of arterial dissection (odds ratio 1. 99, p = .002), followed by lesion length, post-PTCA gradient, and post-PTCA percent diameter stenosis. A rising gradient trend was also the most important independent predictor of an acute closure event and myocardial infarction (p<.001 for both). The post-PTCA gradient was the only independent predictor of emergency CABG after PTCA.
Discussion
Broader application of PTCA depends largely on increasing its safety, particularly in patients with highrisk coronary anatomy. Acute closure of the dilated vessel during or after the PTCA procedure is the principal concern. This complication is responsible for myocardial infarction, death, and the morbidity associated with emergency CABG. Anticipation of acute closure by the angioplasty operator can reduce morbidity and mortality through close monitoring, timely medical intervention, and coordination of surgical support. The current ability to insert a perfusion catheter to restore distal coronary flow 15 makes identification of impending closure before removal of the guidewire even more important. The future availability of intracoronary stenting devices also emphasizes the importance of being able to predict acute closure events after PTCA.
In a previous study we demonstrated that evidence of intimal tear or dissection was associated with a sixfold increase in the risk of myocardial infarction, emergency CABG, and/or death.4 In the present study, significance. Arterial dissections, i.e., intimal disruption propagating beyond the confines of the original lesion, were predictive of all major complications, but intimal tear (filling defects and contrast extravasation limited to the original lesion) was not. The definition of acute closure used in this study was not limited to angiographically documented arterial obstruction. This latter approach fails to account for the large proportion of patients with ischemic events after PTCA who proceed directly to CABG with either "clinical closure" or "threatened closure," nor does it account for the significant numbers of patients who suffer myocardial infarction after PTCA without undergoing repeat angiography. Therefore, our definition of acute closure includes all ischemic complications, including urgent or emergency CABG related to actual or threatened closure of the dilated artery. It also includes a small number of patients who undergo emer- nation of the dynamic behavior of the pressure gradient after each balloon deflation, regardless of absolute magnitude, provides the angioplasty operator with additional information. In the present study, the gradient trends were classified by experienced angioplasty operators who had been blinded to all angiographic data and the subsequent clinical outcome. Although the angiographic appearance of arterial dissection after PTCA was significantly associated with a subsequent ischemic complication, multivariate analysis demonstrated that information concerning the pressure gradient trend, absolute final gradient, and post-PTCA diameter stenosis were more useful in predicting these complications. Accurate measurements of the post-PTCA diameter stenosis, however, are not available during the procedure.
A number of pathophysiologic mechanisms may explain the existence of a rising trend pattern. After intimal disruption, the effective arterial lumen may be reduced by an expanding intramural hematoma. The hematoma may be compressed during balloon inflation and then reexpand after deflation; the pressure gradient would then rise, reflecting this progressive narrowing ofthe lumen. A flap of intima or plaque torn loose could also back-fill with blood, thereby reducing the effective vessel lumen and producing a rising pressure gradient trend. These dynamic changes in the pressure gradient trend may therefore reflect the underlying hemodynamic status of the arterial segment undergoing dilatation. Future angioscopic studies may clarify the pathologic basis for these observations.
Other mechanisms may also explain the generation of rising trends in patients without angiographic evidence of intimal disruption. Vasospasm is responsible in some episodes. In the present study, a small number of patients had rising trend patterns reversed after the administration of intracoronary nitroglycerin. An additional subset of patients had rising trends that stabilized after repeat balloon inflations, possibly indicating the stabilization of an intramural hematoma or intimal flap.
An increase in blood flow in the presence of a morphologically stable stenosis could also produce an increase in the transstenotic pressure gradient.26 27 Such mechanisms may explain the reduced specificity (82%) of a rising trend as a predictor of ischemic complications.
In this study, the dichotomy of trend classification was based on the observation of at least one rising trend during dilatation. This definition was adopted because it was believed that once this pattern was observed, the substrate for the development of potential complications existed. Subsequent trends might be stabilized by 799 repeat dilatations, but the potential for further problems remains. This view was supported by the finding that the presence of any rising trend was a more sensitive predictor of ischemic complications that was use of the trend pattern after the final balloon deflation. As expected, use of the latter definition increased the specificity of the finding.
A rising pressure gradient trend should alert the angioplasty operator to the presence of an incomplete dilatation and to the potential for acute vessel closure. The patient should be observed for an extended period of time before removal of the guidewire from the coronary artery. Should acute closure occur with the guidewire in place, the stenosis can be recrossed safely for repeat dilatation, placement of an intracoronary stent, or placement of an intracoronary perfusion catheter before proceeding to bypass surgery. ' 28 29 Additionally, recatheterization permits the opportunity to quickly stabilize the patient with a perfusion catheter while surgical facilities are being prepared.
In conclusion, the transstenotic pressure gradient trend provides valuable information to the angioplasty operator concerning the hemodynamic status of the coronary artery segment undergoing dilatation. A rising trend is often related to the presence of intimal tear and arterial dissection and may serve to identify those patients at risk for acute vessel closure, myocardial infarction, emergency surgical revascularization, or possibly in the future placement of intracoronary stenting devices.
